INTRODUCTION
Human immunodeficiency virus-1 (HIV-1) continues to be a successful pathogen for the last three decades, owing to its ability to undergo frequent mutations and the capability to manipulate host cell micro-environment to its advantage. The virus employs multiple strategies to escape the host immune system including latency (1), inhibition of antigen processing and presentation (2) and high rate of mutations (3) to avoid recognition by immune molecules (4) . Moreover, highly evolved accessory proteins add to its pathogenicity (5) . It has a relatively small genome, approximately 9.8 kb in length that encodes 15 proteins. Therefore, in addition to its own proteins, HIV-1 exploits various host cellular proteins for successful completion of its life cycle. Genome-wide studies including siRNA and shRNA screens (6-10), protein-protein interactions (11) (12) (13) (14) , bio-informatic analysis with patient samples (15) (16) (17) (18) and meta-analysis of genome-wide studies (19) have revealed the significance of over a thousand cellular proteins in HIV-1 replication and gene-expression.
In past 30 years, viral enzymes (including reverse transcriptase, integrase and protease) have been extensively targeted to develop therapeutics against HIV. Although the combination therapy of these anti-retrovirals have worked well for the management of the disease but issues related to drug resistance and cellular toxicity have induced researchers to look for novel therapeutic targets (20) . As mentioned above, in recent years, a large number of cellular factors have been shown to be absolutely essential for HIV-1 life cycle. Thus, targeting such host cellular factors required for successful infection and propagation of the virus in addition to currently available anti-retrovirals might offer a better therapeutic strategy.
The gene expression of HIV-1 is tightly regulated by interaction of numerous host cellular proteins with cis-acting DNA sequences present on the LTR promoter of the provirus (21) . HIV-1 LTR is divided into three regions-U3, R and U5. The major regulatory sites in LTR promoter are 'core promoter' and 'core enhancer' sites, positioned in the 'U3' region. The 'core promoter' contains a TATA box and three binding sites for SP1, whereas the 'core enhancer' has two NF-B binding sites (22, 23) . Binding of the NF-B heterodimer (p50/p65) to LTR promoter is one of the strongest triggers for HIV-1 transcription. p50/p65 facilitates the accessibility and processivity of RNA Pol II on the promoter by recruiting various cellular factors including p300 and PTEFb complex (24, 25) . Hence, this association of NF-B proteins to the LTR promoter is very critical for efficient viral transcription.
Among the different host factors that have been characterized as pro-or anti-viral regulators, heat shock proteins (HSPs) have been shown to play an important role in the life cycle of different viruses. HSPs are chaperone molecules, which participate in housekeeping functions and also confer protection against stress conditions. HSP70 has been found to be incorporated into the HIV-1 virion along with HSP60 (26) . HSP70 is also involved in the nuclear import of HIV-1 pre-integration complex (PIC) and in the inhibition of Vpr-mediated cell-cycle arrest and apoptosis (27) . Furthermore, HSP70 and HSP90 have been reported to regulate Tat-mediated viral transcription by stabilizing the CDK9/Cyclin T1 complex (28) . HSP40 has been demonstrated as an essential factor for Nef-mediated upregulation of HIV-1 gene-expression (29) . Previously, we have reported that HSP70 and HSP40 reciprocally regulate HIV-1 gene-expression and replication (30) . A recent study has revealed that even slight increase in temperature stimulates HIV-1 replication in HSP90-dependent manner (31) . HSP90 has also been shown to reactivate HIV-1 latency (32) , highlighting the significance of HSPs in regulation of HIV-1 gene-expression.
In the present study, we have focused on deciphering the role of a co-chaperone, HSP70 binding protein1 (HspBP1), in HIV-1 pathogenesis. It has been reported that antiHspBP1 IgG levels increase in the serum of HIV-1 infected subjects (33) but the role of HspBP1 in HIV-1 infection has not been established. HspBP1 was identified in 1998 as a HSP70 interacting protein by yeast-two-hybrid screening of a heart cDNA library (34) . HspBP1 binds to the ATPase domain of HSP70 and inhibits its refolding activity (34, 35) . HspBP1 negatively affects the binding of substrates to HSP70 by accelerating nucleotide exchange of ATP domain (36) . Also, HspBP1 regulates protein degradation activities of molecular chaperones (37) . HspBP1 can regulate HSP70 activity and the levels of antibody against it are altered in infected individuals, suggesting that HspBP1 may play a role in HIV-1 pathogenesis by regulating the function of HSP70, an important determinant of HIV-1 life cycle. In the present study, we demonstrate that HspBP1 acts as an intrinsic inhibitor of HIV-1 replication. We also show that it physically interacts with B sites in the LTR promoter, thereby obstructing the binding of p50/p65 at those sites; consequently leading to inhibition of LTR driven gene-expression. Thus, HspBP1 restricts HIV-1 replication by suppressing NF-B-mediated activation of HIV-1 transcription.
MATERIALS AND METHODS

Cell lines, plasmids and reagents
Jurkat (CD4 + human T cell line) and HEK293T (human embryonic kidney cell line) were obtained from the NCCS Cell Repository, Pune, India. CEM-GFP (cat # 3655), a GFP expressing CD4 + reporter human T-cell line (38) was obtained from the NIH AIDS Reagent Program, Division of AIDS, NIAID, USA. ACH2 (cat # 349), a HIV-1 latently infected T-cell line with one copy of the provirus integrated in the genome and U1 (cat # 165), a sub-clone of U937 (monocyte), chronically infected with HIV-1 and harbouring two copies of provirus DNA integrated in the genome were obtained from NIH AIDS Reagent program (39) (40) (41) . Both the cell lines can be induced with phorbol myristate acetate (PMA) or TNF-␣ to secrete high levels of infectious HIV-1. HEK293T was grown in DMEM medium (Invitrogen, USA) whereas Jurkat, CEM-GFP, U1 and ACH2 cells were grown in RPMI 1640 medium (Invitrogen, USA), both supplemented with 10% fetal bovine serum (Invitrogen, USA) and penicillin-streptomycin (Invitrogen, USA) at 37
• C with 5% CO 2, in a humidified incubator. For CEM-GFP cells, growth media was supplemented with 500 g/ml G418 (Invitrogen, USA).
The HIV-1 molecular clone, pNL4-3 (cat # 114) was obtained from the National Institutes of Health AIDS repository (42) . pcDNA-HspBP1 and its deletion mutant construct have been described earlier (35, 43) . The plasmids, pcDNA-Hsp70 and pcDNA-Hsp40 (pcDNA3 expressing human Hsp70 and Hsp40, respectively) were obtained from Dr Margarida D. Amaral (44) . The HIV-1 LTR reporter vector, pLTR-luc was sub-cloned from pU3RIII (45, 46) into pGL3basic (47) . HIV-1 LTR and its deletion mutant constructs of CD series were a kind gift from Dr. T. Okamoto (48) . CD12 luc is wild type LTR promoter luciferase construct. CD23, CD52 and CD54 luc are deletion mutants of LTR promoter. CD23 luc lacks upstream regulatory regions of LTR promoter but includes enhancer (2 NF-B binding sites) and core regions (3 SP1 binding sites). CD52 contains 2 SP1 binding sites of core promoter. CD54 lacks all SP1 binding sites and contains small region of core promoter from −48 to +80. LTR del NF-B luc, the NF-B enhancer region deletion mutant of LTR promoter was constructed by primer extension PCR strategy (49) using pLTR-luc as a template and the primers listed in Table 1 . Briefly, primers A and D are the forward and reverser primers respectively to amplify the full-length fragment and primers B and C are located on either side of the sequence to be deleted and contain sequence from both sides of the deletion. The first round of PCR was performed using primer pairs A/B and C/D (Table 1 ). The two resulting PCR products were mixed together with the primer pair A/D for a second round of PCR, which resulted in generation of final, full-length product with the desired area deleted. LTR NF-B mut luc, a point mutant of LTR promoter having mutations in both NF-B sites was generated using QuikChange II Site-Directed Mutagenesis kit, according to the manufacturer's protocol (Agilent technologies, USA). The mutation was generated using pLTR-luc as a template and the primers listed in Table 1 . Both the series Nucleic Acids Research, 2016, Vol. 44 , No. 4 1615 of mutants described above are also schematically represented in Figure 4E and G. pNF-B-Luc, a reporter vector expressing luciferase under the control of five tandem copies of NF-B enhancer was obtained from Stratagene (USA). pcDNA-Tat was previously cloned in our lab (50) . p50 was sub-cloned from pBluescript-NF-B1 (p50) (NIH AIDS Reagent Program, cat. # 2627) into pcDNA3.1(+) (Invitrogen) in HindIII and BamH1 cloning sites. p65 was subcloned from pBluescript-RelA (p65) (NIH AIDS Reagent Program, cat. # 2625) into pcDNA3.1(+) (Invitrogen) in HindIII and Not1 cloning sites.
p24 antiserum (cat. # 4250) and anti-Tat monoclonal antibody (cat. # 4138) were obtained from the National Institutes of Health AIDS repository. HspBP1 antibody was used for immunoblotting as reported earlier (51) . Antibodies against GAPDH (sc-32233), HSP40 (sc-1800), HSP70 (sc-59571), p50 (sc-7178-X), p65 (sc-372-X) and RNA Pol II (sc-899) were procured from Santa Cruz Biotechnology, USA. Tubulin antibody was obtained from Sigma, USA. HspBP1 antibody (NBP201061) used in EMSA was obtained from Novus biological, USA. Immunoprecipitation and ChIP were performed using HspBP1 antibody (SAB1401597) from Sigma, USA. Control and HspBP1 siGENOME SMARTpool siRNAs were obtained from Dharmacon, USA. siRNAs against HSP40 and HSP70 were obtained from Santa Cruz Biotechnology, USA.
Transient transfection and luciferase assay
HEK293T cells were co-transfected with reporter vectors along with other expression vectors or molecular clones using Lipofectamine 2000 (Invitrogen, USA) and harvested 36 h post-transfection for luciferase assay. The cells were lysed in cell lysis reagent (Promega, USA) and luciferase assays were performed using Steady-Glo substrate (Promega, USA) as described earlier (30) . Jurkat cells were transfected using x-treme gene HP DNA transfection reagent (Roche Applied Bioscience, Germany).
For silencing studies, cells were first transfected with siRNA using Lipofectamine 2000 as per the manufacturer's instructions, followed by second transfection (reporter plasmid/ expression vectors) or infection as described earlier (52) . Cells were harvested 48 h posttransfection/infection. Knockdown was confirmed by immunoblotting with respective antibodies. Immunoblotting with GAPDH served as the loading control.
Immunoblotting and immuno-precipitation assays
Cells were lysed in lysis buffer (50 mM Tris-HCl pH 7.4, 5 mM EDTA, 0.12 M NaCl, 0.5% NP40, 0.5 mM NaF, 1 mM DTT, 0.5 mM PMSF) supplemented with protease inhibitor cocktail (Roche Applied Bioscience, Germany) on ice for 45 min with intermittent mixing using vortex. Protein concentration was determined using Bradford assay reagent (Biorad, USA) and equal amounts of protein were examined on a 10-12% SDS-PAGE gel. Proteins were transferred to a PVDF membrane (GE Healthcare, USA), which was then blocked with 5% non-fat dry milk or BSA, and probed with respective antibodies. The blots were developed using the ECL Prime system (GE Healthcare, USA).
For co-immunoprecipitation assays, clarified lysates were incubated with indicated antibodies and the antigenantibody complex was pulled down by an equal mixture of protein A and G agarose beads (Invitrogen, USA), followed by resolution on 10-12% SDS-PAGE. Proteins were then transferred to PVDF membrane and probed with indicated antibodies.
HIV-1 infection and virus quantitation
Jurkat and CEM-GFP cells were infected with HIV-1 NL4-3 virus at various multiplicities of infection (MOI) in the presence of polybrene (1 g/ml) as described previously (53) . Peripheral blood mononuclear cells (PBMCs) were isolated from the blood of normal seronegative donors obtained from local blood bank using Ficoll-Hypaque (Amersham Biosciences, USA) gradient centrifugation. Cells were activated with 5 g/ml phytohemagglutinin (PHA) (Sigma, USA) for 36-48 h. Activated PBMCs were infected with 0.1 MOI of HIV-1 NL4-3 virus as described earlier (53) . Cells were washed and plated in complete medium supplemented with human interleukin-2 (Roche Applied Bioscience, Germany) at 20 units/ml and incubated at 37
• C in a humidified CO 2 incubator. The culture supernatants of infected and pNL4-3 transfected cells were collected at various time points and were used to determine virus production by p24 gag antigen capture ELISA (Perkin Elmer Life Sciences, USA).
Quantitative real-time PCR
RNA was prepared from 2 × 10 6 Jurkat (uninfected and infected) and 1 × 10 6 PBMCs (uninfected and infected) using TRIzol Reagent (Invitrogen, USA). The cDNA was prepared using Moloney Murine Leukemia Virus reverse transcriptase (MMLV-RT) (Invitrogen, USA). Quantitative real time PCR (qRT-PCR) was used to analyze the expression of HspBP1 and p24. 10 l reaction mixtures containing cDNA template, SYBR Green IQ supermix (Bio-Rad, USA) and 10 pmol of each of hGAPDH or respective genespecific oligonucleotide primer pairs (Table 2) were run on a Realplex4 Mastercycler (Eppendorf, Germany) using the following program: initial denaturation at 95
• C for 5 min and 40 cycles of 95
• C for 30 s, 55
• C for 30 s and 72
• C for 30 s followed by the melt curve analysis. The fold change in the target gene relative to housekeeping gene (GAPDH) was calculated as:
and ( CT) = C T (Treated) − C T (control)
Electrophoretic mobility shift assay (EMSA)
Equimolar amounts of complementary oligonucleotide probes spanning the NF-B consensus region of the HIV-1 
LTR were annealed to generate double stranded oligonucleotide. The annealed oligo was then labeled with [␥ -32 P]-dATP (BRIT, India) using T4 polynucleotide kinase (New England Biolabs, USA) by incubating at 37
• C for 30 min and purified by Illustra ProbeQuant G-50 micro columns (GE Healthcare Life Sciences, USA). Binding reaction with the labeled probe was performed with either purified recombinant HspBP1 protein or nuclear extract from HEK293T cells in buffer containing 10 mM Tris (pH 7.5), 1 mM EDTA, 50 mM KCl, 0.1 mM DTT, 5% glycerol, 0.01 mg/ml BSA, 200 ng poly dI/dC at 25
• C for 20 min and resolved on 6% polyacrylamide gel (acrylamide:bis-acryamide 39:1). Nuclear extract was prepared from HEK293T cells using NE-PER Nuclear and Cytoplasmic Extraction Kit (Pierce, USA) as per the manufacturer's protocol. Recombinant His-HspBP1 protein was purified from BL21 (DE3) strain of E. coli cells using Ni-NTA beads as reported earlier (34) . Mutated NF-B region containing oligo was used as nonspecific competitor. For the competition assay, 10X, 50X and 100X excess of the specific cold oligo was used. The nucleotide sequences of probe 'P' and mutated probe are listed in Table 3 .
Chromatin-immunoprecipitation (ChIP)
CEM-GFP cells (1 × 10 7 ) were infected with HIV-1 NL4-3 at 0.1 MOI. On Day 5 post-infection, cells were cross-linked by addition of 0.75% formaldehyde to the media and neutralized with 125 mM glycine. HEK293T cells were also crosslinked similarly. The fixed cells were then lysed in lysis buffer containing 50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton-X100, 0.1% Na deoxycholate, 0.1% SDS and protease inhibitor cocktail and subjected to sonication using Bioruptor (Diagenode, Belgium) to shear the chromatin into fragments of 200-500 bp (for HEK293T: total time 8 min with 30 s 'on' and 30 s 'off' at high settings; CEM-GFP: total time 7 min with 30 s 'on' and 30 s 'off' at high settings). The lysate was pre-cleared for 2 h with protein A/G beads (Pierce, USA). The pre-cleared lysate was immunoprecipitated with specific antibody or normal IgG as isotype control (Santacruz, USA). The immune complexes were then pulled down by protein A/G beads and washed once with RIPA wash buffer [50 mM Tris-HCl pH 8, 0.1% SDS, 0.5% sodium deoxycholate, 150 mM NaCl, 2 mM EDTA and 1% NP-40] followed by three washes with Wash Buffer containing 20 mM Tris-HCl pH 8, 2 mM EDTA, 0.1% SDS, 1% Triton-X100 and 150 mM NaCl and finally one wash with final wash buffer [20 mM Tris-HCl pH 8, 2 mM EDTA, 0.1% SDS, 1% Triton-X100 and 500 mM NaCl]. The complexes were then eluted in 1% SDS and 100 mM NaHCO 3 . Antibody-bound chromatin complexes were reverse cross-linked with NaCl for 6 h at 65
• C, treated with RNAse with 1 h at 37
• C and proteinase K for 2 h at 45
• C. DNA was extracted using phenol:chloroform extraction and subjected to PCR amplification to check the occupancy of HspBP1 and p65 on HIV-1 LTR promoter, using primers listed in Table 4 . F1/R1 encompasses NF-B-SP1 (−143 to +14) enhancer region whereas F2/R2 and F3/R3 cover −453 to −349 and +75 to +180 regions of the LTR promoter, respectively.
Nucleofection and stimulation of ACH2 and U1 cells
HspBP1 was either over-expressed or silenced using siRNA in U1 and ACH2 cells by nucleofection using Amaxa Biosystem Nucleofector II (Lonza, Switzerland) with programs V-001 and T-014, respectively. 24 h postnucleofection, cells were activated with PMA (50 ng/ml) or TNF␣ (10 ng/ml). Twenty-four hours post-treatment, the culture supernatants were used to determine virus production by p24 gag antigen capture ELISA (Perkin Elmer Life Sciences, USA).
Statistical analysis
The statistical analysis of the experimental data was performed using Student's t-test. The results are plotted as mean ± SD. The level of significance is shown in the figures with asterisks and defined as *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001. 
Nucleic Acids Research, 2016, Vol. 44, No. 4 1617
RESULTS
HspBP1 interacts with both HSP40 and HSP70
HSP40 and HSP70 are known to interact with each other and play an important role in regulating HIV-1 transcription (30) . HspBP1 has also been shown to interact with HSP70 and regulates its activity (34) . Taking these observations into consideration, we investigated whether HspBP1 also interacts with HSP40. To accomplish this, we performed co-immunoprecipitation assays with lysate from HEK293T cells, over-expressing HspBP1 and HSP40 or HSP70. Immunoprecipitation was carried out with either HSP40 or HSP70 antibodies with respective lysates, followed by immunoblotting with HspBP1 antibody and vice versa. We observed that HspBP1 was pulled down with both HSP70 and HSP40 antibodies ( Figure 1A ). Likewise, HSP40 and HSP70 were also pulled down with HspBP1 antibody ( Figure 1A ), suggesting that in addition to HSP70, HspBP1 also interacts with HSP40. We further confirmed this observation at endogenous level in HIV-1 NL4-3 infected CEM-GFP cells, where immunoprecipitation was performed with HspBP1 antibody and presence of HSP40/HSP70 was examined in the immunoprecipitated lysate by immunoblotting ( Figure 1B ).
HspBP1 interferes with HIV-1 replication
HSP70 and HSP40 have been reported to play a significant role in HIV-1 replication (30) and we have observed that HspBP1 also interacts with both HSP70 and HSP40. Therefore it is reasonable to investigate the relevance of this interaction during HIV-1 infection, if any. In order to pursue this, we assessed both individual role of HspBP1 and cumulative role of these three proteins during HIV-1 infection. First, we examined the effect of these stress family proteins on virus production by p24 gag antigen capture ELISA. Jurkat cells were co-transfected with different HSP constructs, followed by HIV-1 NL4-3 infection and supernatant was assessed for p24 levels. Significant inhibition in virus production was observed with HspBP1 over-expression. Moreover, HspBP1 was found to suppress HSP40-mediated increase in virus production. Further, HspBP1, along with HSP70 completely abolished the positive effect of HSP40 on virus production ( Figure 1C upper panel) . Effect of these chaperones on viral mRNA expression (p24 mRNA) was also analyzed using qRT-PCR and almost identical profile was observed ( Figure 1C lower panel) , suggesting that these HSPs affect viral gene-expression probably at transcription level.
HSP70 and HSP40 have been previously shown to alter LTR-driven gene-expression (30) . We next wanted to assess the effect of HspBP1 alone and in combination with HSP70/40 on the LTR promoter activity. HEK293T cells were co-transfected with LTR-luc construct and pNL4-3 molecular clone with different HSP constructs. As shown in Figure 1D , HspBP1 over-expression resulted in inhibition of LTR driven gene-expression. Furthermore, HspBP1 inhibited HSP40-mediated increase in LTR promoter activity and potentiated HSP70-mediated inhibition in LTR driven gene-expression ( Figure 1D ). These results suggest a possible collaborative function between HspBP1 and HSP70 that inhibits HSP40-mediated increase in viral transcription. Taking all these observations into consideration, we hypothesized that these proteins are involved in regulation of HIV-1 transcription by similar mechanism and are part of the same pathway. So, in order to validate this hypothesis, we next determined if the inhibitory activity of HspBP1 on LTR-driven gene-expression is HSP70/HSP40-dependent. HEK293T cells were depleted of HSP40 or HSP70 by siRNA knockdown and the role of HspBP1 on LTR promoter was analyzed by luciferase assays. Surprisingly, our results showed that HspBP1 inhibits LTR driven gene-expression even when HSP40 and HSP70 are greatly reduced, suggesting an independent role of HspBP1 in suppression of LTR activity ( Figure 1E ). These results demonstrate that although HSP40, HSP70 and HspBP1 seem to interact with each other but they have different effects on HIV-1 replication probably utilizing different mechanistic pathways. Also, HspBP1 potently inhibits LTR-driven gene-expression and virus production and thus may act as an important molecule regulating HIV-1 gene-expression and replication. This observation intrigued us to further investigate the role of HspBP1 in HIV-1 infection and decipher the mechanism involved in regulation of viral geneexpression. 
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HspBP1 is down-modulated during HIV-1 infection
To explore the biological relevance of inhibitory effect of HspBP1 on HIV-1 replication and gene-expression, we next examined HspBP1 expression levels during HIV-1 infection. As it is evident from Figure 1 that HspBP1 inhibits HIV-1 replication and virus production, we were curious to know that what happens to HspBP1 levels during infection. Kinetic expression profile studies for HspBP1 were performed following HIV-1 infection in T-cells (Jurkat) and primary cells (PBMCs). Jurkat cells were infected with HIV-1 NL4-3 virus and expression of HspBP1 was analyzed at mRNA and protein level at various time points. HIV-1 infection resulted in down-modulation of HspBP1 mRNA and protein expression in T-cells (Figure 2A-C) . This finding was confirmed by analyzing the expression of HspBP1 in HIV-1 infected human PBMCs isolated from the blood of three normal seronegative donors as described in Materials and Methods. These results clearly indicate that HspBP1 mRNA and protein levels are significantly down-modulated following HIV-1 infection in PBMCs also ( Figure 2D and E).
HspBP1 expression inversely correlates with HIV-1 production
To decipher the role of endogenous HspBP1 in HIV-1 infection, virus production was examined following HspBP1 depletion. We performed single cycle replication studies in HEK293T cells and infection studies in Jurkat cells to assess the effect of knockdown of HspBP1 on virus production. HEK293T cells were first transfected with increasing doses of siRNA and 24 h post-siRNA transfection, cells were transfected with pNL4-3 molecular clone. 48 h following the second transfection, cells were harvested and supernatant was collected. p24 ELISA of the culture supernatant revealed that knockdown of HspBP1 resulted in enhanced virus production in a dose dependent manner ( Figure 3A) . A more biologically relevant scenario would be to infect Tcells with HIV-1 NL4-3 and monitor the effect of HspBP1 depletion. Jurkat cells were transfected with HspBP1 siRNA followed by HIV-1 NL4-3 infection 24 h post-transfection. It was observed that silencing of HspBP1 leads to higher virus production from infected Jurkat cells as compared to control siRNA-transfected cells ( Figure 3B ).
To further validate the inverse correlation of HspBP1 expression with HIV-1, over-expression studies were performed in both HEK293T and Jurkat cells. Increasing concentration of HspBP1 expression vector and pNL4-3 were co-transfected in HEK293T cells and virus production was examined in the supernatant using p24 antigen capture ELISA assay. We observed that over-expression of HspBP1 reduces virus production in a dose-dependent manner (Figure 3C) . As demonstrated earlier, HspBP1 over-expression also inhibits virus production in T-cells ( Figure 1C) . In order to determine whether inhibitory effect of HspBP1 on HIV-1 is a specific occurrence, we have utilized an Nterminal deletion mutant of HspBP1 (84-359), which lacks the first domain of HspBP1 but can still bind HSP70 and has some HSP70 inhibitory activity. We observed that mutant failed to inhibit virus production as efficiently as wild type ( Figure 3D ), suggesting that the Domain I of HspBP1 is required for the inhibition of HIV-1 replication. Collectively, these results clearly suggest that HspBP1 acts as an intrinsic inhibitor for the virus.
HspBP1 inhibits HIV-1 LTR promoter activity
The luciferase assay results presented earlier in Figure 1D and E demonstrated that HspBP1 inhibits HIV-1 NL4-3 virus induced LTR driven gene-expression. In order to understand the mechanistic details of the inhibitory effect of HspBP1 on LTR-mediated gene-expression, we used bioinformatic analysis to predict the DNA binding activity of HspBP1. Both DNAbinder (54) and iDNA-Prot (55) suggested that HspBP1 might have DNA binding activity. Therefore, it was plausible to hypothesize that HspBP1 might have a direct influence on the LTR promoter. The direct role of HspBP1 on LTR driven gene-expression was examined by performing luciferase reporter assays in HEK293T and Jurkat cells. It was observed that HspBP1 inhibits basal LTR driven gene-expression in dose-dependent manner in both HEK293T ( Figure 4A ) and Jurkat cells ( Figure 4B ). This was confirmed by HspBP1 siRNA knockdown studies. A dose dependent increase in basal LTRdriven gene-expression was observed upon gradual depletion of HspBP1, suggesting a repressive role of HspBP1 on LTR promoter activity ( Figure 4C ). We have also performed these experiments in a more biologically relevant scenario, where we checked the effect of HspBP1 on LTR promoter activity in the presence of Tat as successful HIV-1 transcription and productive infection is not possible in the absence of Tat ( Figure 4D ). Increasing amount of HspBP1 were transfected in HEK293T cells along with LTR luc reporter construct and Tat expressing vector. Our results demonstrate that HspBP1 also inhibits HIV-1 LTR driven gene expression in presence of Tat.
HspBP1 inhibits HIV-1 LTR promoter activity through NF-B enhancer region
Various cellular proteins have been shown to bind specific regions of HIV-1 LTR sequence and thereby exert physiological effects (56) . Therefore, we attempted to identify the region of the LTR, which was targeted by HspBP1. Different LTR promoter deletion mutant constructs as schematically represented in Figure 4E (48) were used to perform luciferase reporter assays. The inhibition of promoter activity by HspBP1 was observed with full-length LTR construct, CD12 luc and deletion mutant CD23 luc. These results suggest that the upstream region (upstream to CD23 luc) of LTR does not play a role in HspBP1 mediated inhibition. However, CD52 luc and CD54 luc demonstrated no significant decrease in reporter activity with HspBP1, suggesting that the region between −117 and −65 contains HspBP1 regulated site. This region harbours binding sites for NF-B and Sp1, suggesting that the NF-B-SP1 (−117 to −65) enhancer region is the target site for HspBP1 (Figure 4F) . NF-B-Sp1 enhancer region harbours two NF-B sites and one of the three SP1 binding sites. To further define the specific target site, we constructed two NF-B mutants of LTR promoter-LTR del-NF-B luc (deletion mutant in which both NF-B binding sites are deleted) and LTR NF-B mut luc (point mutant that has mutations in both NF-B binding sites) ( Figure 4G) . These mutants were then used to perform luciferase assays to see if effect of HspBP1 on HIV-1 LTR promoter is specifically through NF-B binding sites. HspBP1 lost its inhibitory effect on LTR promoter activity with both NF-B deletion and point mutants of LTR in the presence and absence of Tat, indicating that suppression of LTR activity by HspBP1 is mediated by NF-B cis-acting elements ( Figure 4H ). Furthermore, we examined the effect of HspBP1 on NF-B enhancer driven luciferase construct containing 5 copies of the NF-B response elements. We found that HspBP1 suppresses NF-B driven gene-expression in a dose-dependent manner ( Figure 4I) , suggesting a potential role of HspBP1 in regulation of NF-B enhancer regulated pathways. Thus, overall, our results demonstrate that HspBP1 targets NF-B-mediated activation of LTR-driven gene-expression.
HspBP1 interacts with NF-B consensus region on LTR promoter
The result above indicates a probable role of NF-B enhancer region in HspBP1 mediated inhibition of LTR activity and therefore potential binding of HspBP1 on NF-B enhancer. To test this possibility, electrophoretic mobility shift assays (EMSA) were performed using a 24 bp probe (probe P, Figure 5A ) containing both NF-B binding sites of the LTR promoter with purified recombinant HspBP1 protein. We observed a dose-dependent increase in binding of His-HspBP1 to NF-B enhancer region of LTR promoter with increasing amounts of HspBP1 protein ( Figure  5B ). We also tested the specificity of this interaction by using cold and mutated oligo. The loss in binding was only observed by competition with unlabeled specific oligo and not with non-specific oligo ( Figure 5C ), demonstrating specificity of the interaction. In order to check the binding of cellular HspBP1, we used nuclear extract of HEK293T cells. Binding of the probe to nuclear extract was inhibited when the nuclear extract was pre-incubated with HspBP1 antibody while binding remained unaffected by post-incubation with HspBP1 antibody ( Figure 5D ). This data suggests that HspBP1 present in the nuclear extract binds to the NF-B enhancer region on the LTR promoter and its binding site to NF-B enhancer region is also the site for antibody binding. Complex formation was also inhibited by HspBP1 an- Culture supernatants of HEK293T cells transfected with pNL4-3 and increasing doses of HspBP1 vector were analyzed for virus production using the p24 antigen capture ELISA. (D) HIV-1 inhibition by HspBP1 is a specific occurrence as mutant failed to inhibit virus production. HEK293T cells were co-transfected with either wild type or mutant HspBP1 and pNL4-3. Cells were harvested 48 h post-transfection. Virus production was determined by p24 ELISA on culture supernatant. Silencing using siRNA or over-expression of HspBP1 was confirmed by immunoblotting in each experiment. The results are representative of three experiments and presented as the mean ± SD (*P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001).
tibody in dose-dependent manner whereas the IgG control did not have any effect on complex formation ( Figure 5E ). Specificity of the interaction was also confirmed using cold and mutant oligo. Excess of cold oligo completely inhibited the complex formation, which was not observed with mutant oligo ( Figure 5F ).
We then also investigated in-vivo binding of HspBP1 to LTR promoter by chromatin immunoprecipitation assay. Cross-linked chromatin from HIV-1 NL4-3 virus infected CEM-GFP cells was immuno-precipitated with HspBP1 antibody. Quantitative-RT-PCR was carried out with primers-F1/R1, F2/R2 and F3/R3 to determine the region occupied by HspBP1 on the LTR promoter. F1/R1 encompasses NF-B-SP1 (−143 to +14) in the enhancer region. F2/R2 and F3/R3 include −453 to −349 and +75 to +180 regions on the LTR promoter, respectively (Table  4) . A significant enrichment using HspBP1 antibody over IgG was observed with primers F1/R1 ( Figure 5G ) indicating that HspBP1 is recruited on NF-B-SP1 enhancer region. No enrichment was observed with primers F2/R2 and F3/R3, indicating HspBP1 is not recruited on the regions covered by these primer sets ( Figure 5G ). Results are presented as the mean ± SD and significance is defined as *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001.
HspBP1 inhibits NF-B mediated activation of HIV-1 transcription by blocking the recruitment of p65 on LTR promoter
Our observation of HspBP1 recruitment on the LTR promoter at NF-B consensus region led us to further investigate whether HspBP1 competes with p50/p65 hetero-dimer for occupancy on the LTR promoter. Competition assays between p50/p65 and HspBP1 were performed for LTRdriven gene-expression. Luciferase reporter assays revealed that HspBP1 competes with p65 for regulation of LTR promoter activity, which was not visible with HspBP1 mutant ( Figure 6A) . Furthermore, our data shows that HspBP1 inhibits p50/p65-mediated activation of LTR promoter in dose dependent manner ( Figure 6B ), suggesting an active competition between HspBP1 and p65 for controlling LTR promoter activity. We also performed ChIP assays to determine whether over-expression of HspBP1 causes any change in the recruitment of p65 on LTR promoter. A significant reduction in the occupancy of p65 at NF-B-SP1 enhancer region [with F1/R1 (−143 to +14)] on LTR was observed in HspBP1 and pNL4-3 co-transfected HEK293T cells compared to pNL4-3 alone transfected cells ( Figure  6C ). However, there was no difference observed with F2/R2 and F3/R3 encompassing regions. Thus, our results clearly indicate that HspBP1 inhibits p65 recruitment to NF-B enhancer region on the LTR promoter. We also observed in Figure 6A and B that HspBP1 over-expression causes decrease in p50/p65 protein levels. Thus, it became necessary to confirm whether decrease in LTR activity by HspBP1 over-expression is only due to an HspBP1-mediated decrease in p50/p65 levels or competition between these proteins for LTR occupancy. To confirm this, we checked the effect of HspBP1 depletion on p65-mediated induction of LTR promoter. A significant increase in promoter activity was observed in HspBP1 depleted cells compared to control siRNA-transfected cells with no change in expression levels of p65 upon HspBP1 knockdown, indicating that increased availability of LTR to p65 and not its expression level (remains same) is responsible for higher LTR induction in HspBP1 depleted condition ( Figure 6D ). Thus, our results indicate that inhibition of LTR activity by HspBP1 is primarily due to lesser accessibility of LTR to p50/p65 in presence of HspBP1.
HspBP1 inhibits reactivation of latently infected cells
NF-B signaling forms an important part of reactivation of HIV-1 from latency. In order to understand the functional significance of HspBP1-mediated-transcriptional repression of HIV-1 by targeting NF-B pathway, we examined the expression levels of HspBP1 in unstimulated and stimulated cells that are latently infected with HIV-1 (ACH2 and U1). ACH2 is a T cell-line and has a single copy of the provirus integrated in its genome. U1 is a latent monocytic cell-line harbouring two copies of integrated proviral DNA. Both the cell lines can be stimulated by phorbol myristate acetate (PMA) or TNF-␣ to produce high levels of infectious HIV-1. We observed that HspBP1 levels were high during latent phase and upon activation/stimulation (via PMA or TNF␣), HspBP1 was depleted, suggesting that the physiological levels of HspBP1 might be relevant for HIV-1 latency ( Figure 7A and B) . Furthermore, we also assessed the effect of HspBP1 on NF-B mediated activation of latently infected cells. We analyzed the activation status of latently infected cells via PMA and TNF␣ in HspBP1 overexpressed or HspBP1 depleted ACH2 ( Figure 7C ) and U1 ( Figure 7D ) cells. The activation of latent cells was determined by measuring the released viral p24 antigen in the supernatant. PMA and TNF␣ induced significant HIV reactivation, which was evident from increased p24 levels in the supernatant (Figure 7C and D) . Thus, overall, our results demonstrate that HspBP1 is an important regulator of HIV-1 gene-expression, which restricts HIV-1 by suppressing NF-B-mediated activation of viral transcription.
DISCUSSION
Despite substantial advancements in our understanding of HIV/AIDS pathogenesis, the disease still remains incurable. More than 39 million people have already died because of AIDS-related opportunistic infections and at present 35 million people are living with AIDS (57) . HIV manipulates host cellular gene-expression for its benefit (8, 58) and simultaneously its life cycle is also influenced by different host factors (6, 7, 10) . Multiple cellular proteins have been identified which either facilitate or inhibit various steps of viral replication (59, 60) .
In the present study, we report that HSP70 binding protein 1 (HspBP1), one of the HSP70 interacting proteins, acts as an intrinsic inhibitor of HIV-1 and restricts its replication. Previously, it has been reported that HspBP1 IgG levels increase in the serum of HIV-1 infected subjects (33) . However, no clear function has been attributed to HspBP1 in HIV pathogenesis to date. This protein has also been associated with other diseases like cancer and its expression is inversely related to tumor aggressiveness (61, 62) .
HspBP1 is a HSP70 co-chaperone and binds to ATPase domain of HSP70, which inhibits its refolding activity (34, 35) . Several reports have demonstrated the significance of HSP70 in HIV-1 life cycle. It was shown to regulate viral transcription by stabilizing CDK9/Cyclin T1 complex (28) , elicit cellular and humoral immune responses against HIV-1 (63) and exhibit neutralizing activity against the virus (64) . HSP70 also protects cells from HIV induced cell cycle arrest and cell death (27) . Because HspBP1 can regulate HSP70 activity, it is reasonable to speculate the association of HspBP1 with HIV-1 pathogenesis.
It has been well established that HSP40 and HSP70 interact with each other and play an important role in HIV-1 life cycle (30) . Previous studies from our laboratory have shown that HSP40 and HSP70 reciprocally regulate HIV-1 gene-expression and replication, where HSP40 activates viral transcription and HSP70 blocks it by interfering with phosphorylation of C-terminal domain of RNA pol II (29, 30) . HspBP1 has also been reported to be independently associated with HSP70. In the present study, we investigated whether HspBP1 also interacts with HSP40. The results of co-immunoprecipitation assays revealed that indeed, HspBP1 interacts with both HSP40 and HSP70. To understand the relevance of this association of chaperones during HIV-1 infection, we investigated the individual and cumulative effect of HspBP1, HSP40 and HSP70 on viral gene-expression and virus production. Our results show that HspBP1 inhibits virus production as well as LTR driven gene-expression. Along with HSP70, HspBP1 completely abolished the positive effect of HSP40 on the virus, suggesting a possible collaborative interaction between HspBP1 and HSP70. These observations led us to hypothesize that HspBP1 acts in concert with HSP70 and HSP40 and regulates HIV-1 transcription. Contrary to our expectation that HspBP1 would act on HIV-1 transcription by a similar mechanism and be part of the same pathway as Hsp40 and Hsp70, we found that the inhibitory activity of HspBP1 on HIV-1 can be observed in absence of both HSP40 and HSP70, implying that HspBP1 employs a distinct mechanism for regulation of viral gene-expression. Overall, our results suggest that although these three proteins interact but they exert independent effects on HIV-1 replication, manifested via different mechanisms, however, intricate interplay between these proteins may not be ruled out.
Earlier, we have studied the mechanism of HSP40 and HSP70-mediated regulation of HIV-1 gene-expression (30) . As it seems that HspBP1 employs a different mechanism, so, here, in the present study we intended to understand the role of HspBP1 in HIV-1 infection and decipher the involved mechanism. In our attempt to decipher the significance of HspBP1 in HIV-1 pathogenesis, we have examined the expression levels of HspBP1 during HIV-1 infection. HspBP1 was down modulated upon HIV-1 infection both in T-cells and primary cells. This suggested the presence of a plausible viral defence mechanism to down-regulate the levels of a protein, which might interfere with its replication. It will be interesting to study the mechanism of HspBP1 down regulation during HIV infection. Altered expression of cellular proteins has been demonstrated to have an impact on viral replication and gene expression (58) . Knockdown and over-expression of HspBP1 in T-cells confirmed the inverse co-relation between HspBP1 and virus production. These results strongly suggest that HspBP1 act as a negative factor for HIV-1.
Having established the negative role of HspBP1 for HIV-1 replication, we next characterized the molecular mechanism of this inhibition. HIV-1 LTR promoter regulates the transcription of HIV-1 provirus and can be activated by several stimuli. Many cellular proteins/transcription factors have been shown to regulate LTR driven gene expression (56) . Using bioinformatic analysis, we predicted DNA binding activity for HspBP1. We investigated the effect of HspBP1 on basal HIV-1 LTR promoter activity. The results of the luciferase reporter assays clearly showed that HspBP1 inhibits LTR driven gene-expression in dose dependent man- ] leads to depletion in HspBP1 levels. ACH2 and U1 were stimulated with PMA (50ng/ml) and TNF␣ (10 ng/ml). 36 h post-treatment, cells were harvested for RNA and protein lysate preparation. Expression of HspBP1 was analyzed by qRT-PCR and immunoblotting. (C) HspBP1 over-expression inhibits virus production whereas knockdown causes an increase in virus production in ACH2 cells. Nucleofection was performed to over-express or knockdown HspBP1 in these cell lines. 24 h post-nucleofection, cells were stimulated with PMA (50 ng/ml) or TNF␣ (10 ng/ml). 24 h post-activation, p24 ELISA was performed with the supernatant to determine the amount of virus produced. HspBP1 over-expression and knockdown was confirmed by immunoblotting. (D) HspBP1 over-expression inhibits virus production whereas knockdown causes an increase in virus production in U1 cells. The results shown in (A), (B) and (C) are representative of three experiments. (D) represents data from two experiments. Error bars represent the mean ± SD values and significance is defined as **P ≤ 0.01 and ***P ≤ 0.001.
ner through the NF-B enhancer region. In addition, gelshift and chromatin immunoprecipitation assays revealed that HspBP1 is recruited on the LTR promoter at the NF-B enhancer region, both in-vitro and in-vivo.
NF-B pathway plays a critical role in host immune response against viruses. But many viruses, including HIV-1 exploit this pathway for their replication, spread and pathogenic functions (65) . Activation of the NF-B pathway involves proteasomal degradation of its inhibitor IB, leading to nuclear translocation of NF-B proteins and subsequent binding to LTR promoter. Binding of NF-B p50/p65 hetero-dimer to the B-sites present in LTR promoter is very critical for efficient HIV-1 transcription (65) . p50/p65 associates with p300, which in turn increases the accessibility of LTR for RNA pol II and hence facilitates transcription initiation (24) . Moreover, this hetero-dimer has also been reported to recruit the P-TEFb complex, which increases the processivity of RNA Pol II and hence facilitates transcription elongation (66) .
Our results indicated that HspBP1 is also recruited on LTR promoter at NF-B enhancer region, therefore we investigated whether there is competition between HspBP1 and p50/p65 hetero-dimer to occupy the viral promoter and hence, in the regulation of LTR-driven gene-expression. Luciferase reporter assays indicated that HspBP1 inhibits p50/p65-mediated activation of LTR promoter in dosedependent manner. The ChIP assays demonstrated that the over-expression of HspBP1 leads to inhibition in recruit- NF-B signaling is one of the key players involved in reactivation of HIV-1 from latency, as latency can be broken by multiple pathways, including NF-B signaling (66) . Our results demonstrate that the activation of latently infected cells via PMA or TNF␣ leads to depletion in HspBP1 levels, suggesting the significance of physiological levels of HspBP1 for HIV-1 latency. We also checked the effect of HspBP1 on the activation status of latently infected cells by over-expression and knockdown approaches. Strikingly, our results show that HspBP1 inhibits NF-B-mediated reactivation of latently infected cells. Hence, our results corroborated that HspBP1 inhibits HIV-1 transcription by suppressing NF-B-mediated activation of HIV-1 geneexpression.
To summarize, we have identified a novel role for HspBP1 as a host intrinsic inhibitor of HIV-1, which negatively regulates HIV-1 gene-expression and replication. It was ob-served that the expression of HspBP1 is reduced upon infection. We show that HspBP1 competes with p50/p65 for recruitment at B-sites on HIV-1 LTR promoter and binding of HspBP1 to these sites obliterates the binding of NF-B proteins leading to repression in HIV-1 transcription (Figure 8 ). Hence, HspBP1 restricts HIV-1 replication by inhibiting NF-B mediated activation of viral gene expression. In conclusion, our study establishes that HspBP1 is an endogenous negative regulator of HIV-1 gene-expression and replication and the information generated in the present study might be useful for developing novel therapeutic strategy against HIV-1.
